onic carbonate lysocline and helped prevent extreme Paleozoic glaciation.
One prediction of our hypothesis is that a relationship should exist between the thickness of post-glacial cap carbonate facies and excess alkalinity accumulated in the ocean during glaciation. We calculate that within 50 thousand years (ky) of sea level rise, 2.8 ϫ 10 18 to 7.1 ϫ 10 18 mole equivalents (mol eq) of accumulated alkalinity, equivalent to 1.4 ϫ 10 18 to 3.5 ϫ 10 18 mol CaCO 3 , was lost through precipitation, with more than 50% of the loss occurring in less than 10 ky (Fig. 3C ). This is sufficient to form a carbonate layer that averages between 0.8 and 2.1 m thick and assumes a shelf area three times that of the present day (modern shelfal area being some 2.0 ϫ 10 7 km 2 ). This agrees well with typical cap (dolostone) thicknesses observed in shelfal settings of order meters (5, 7, 23) . Thus, the occurrence of post-glacial cap carbonates is quantitatively consistent with a coral reef-like mechanism, with rapid deposition on newly flooded continental shelves taking place from a highly oversaturated ocean (6) . Methane hydrate degradation (7) need only then add a portion of the required alkalinity.
The established framework for understanding Neoproterozoic glaciation envisages the onset of a completely frozen world through catastrophic ice-albedo feedback-the "snowball Earth" hypothesis (4, 5) . An alternative climatic interpretation is of ice-free equatorial waters coexisting with low-latitude ice sheets (24) (25) (26) . Although this has the advantage of providing a substantive refugium for multicellular life (2, 26) , it has been rejected because of the need to account for the inferred longevity of glaciation and the occurrence of cap carbonates (5, 27) . Our geochemical hypothesis answers both these deficiencies and predicts relatively stable atmospheric CO 2 consistent with the radiative forcing required by the open-water climate solution (25) (Fig. 3A) .
The evolution of calcareous organisms marking the beginning of the Phanerozoic and the subsequent development of a responsive deepsea carbonate sink drove a fundamental increase in the stability of the Earth's carbon-climate system, limiting the extremity of glaciation possible. Before this, the weakly stabilizing neritic carbonate sink would have been the Achilles' heel of the Precambrian climate system. coupled to a representation of the preservation and burial of CaCO 3 in deep-sea sediments (29) in a model configuration essentially the same as that used elsewhere (8, 11, 13) . We provided long-term negative feedback by modifying weathering fluxes (13) of carbon (15 Tmol year Ϫ1 ) and alkalinity (40 Tmol year Ϫ1 ) according to the (prevascular plant) formulation of GEOCARB (21) , while leaving volcanic CO 2 outgassing (5 Tmol year Ϫ1 ) (13) constant. We made no additional reduction in global weathering rates because of glaciation, consistent with recent analysis of the late Quaternary glacial geochemical system (30). The presence or absence of planktic calcifiers was simulated by setting the surface ocean export ratio of CaCO 3 to organic matter in PANDORA to 0.2 or 0.0, respectively. We assumed the surface ocean was initially in equilibrium with atmospheric CO 2 at 3400 ppmv [sufficient to prevent the formation of ice sheets in climate models of the Neoproterozoic (24)] and with ⍀ at 6.5 with respect to aragonite (except where otherwise noted in Table 1 ), consistent with a Neoproterozoic ocean more highly saturated than at present (18, 23) . Carbon and alkalinity inventories (Fig. 3 , B and C) were thus uniquely determined (assuming present-day [Ca 2ϩ ]). The value of the CaCO 3 precipitation rate scaling constant, k, was set to achieve initial steady state (Table 1) . Although variability in the carbonate carbon isotopic ratio is a distinctive feature of the Neoproterozoic geological record (4, 5, 7) , without explicit representation of the controls on organic carbon burial, its interpretation cannot be advanced here. 16 The Alpine Iceman provides a unique window into the Neolithic-Copper Age of Europe. We compared the radiogenic (strontium and lead) and stable (oxygen and carbon) isotope composition of the Iceman's teeth and bones, as well as 40 Ar/ 39 Ar mica ages from his intestine, to local geology and hydrology, and we inferred his habitat and range from childhood to adult life. The Iceman's origin can be restricted to a few valleys within ϳ60 kilometers south(east) of the discovery site. His migration during adulthood is indicated by contrasting isotopic compositions of enamel, bones, and intestinal content. This demonstrates that the Alpine valleys of central Europe were permanently inhabited during the terminal Neolithic.
A well-preserved human mummy, the "Iceman," was recovered from a glacier located at the main Alpine watershed between Italy and Austria in 1991. The Iceman was ϳ46 years old and lived ϳ5200 years ago. Both the mummy and its associated equipment provided unprecedented insights into daily life during the late Neolithic-Copper Age of central Europe (1) (2) (3) (4) . One of the remaining questions regarding the Iceman is his place of origin. Molecular genetic analyses suggest that the Iceman's mitochondrial DNA closely resembles that of central and northern Europeans, including people from the Alpine region (5) . Poor preservation prevented the recovery of nuclear DNA, thereby restricting better spatial resolution of his origin (5, 6 ) . For the Iceman's late adulthood, his southern origin in presentday northern Italy has been deduced from the pollen and moss contents of his intestine (7, 8) . The lack of pottery among his equipment prevented a conclusive archaeological analysis regarding his affinity to northern or southern cultures (2, 9) , although a southern origin has been favored (3, 10) .
We completed a comprehensive radiogenic (Sr and Pb) and stable (O and C) isotope study of samples of the Iceman representing different ontogenetic stages to determine his birthplace, habitat, and range (11) . These samples include tooth enamel, dentine, cortical and trabecular bone, intestinal content, and his clothing and equipment. Enamel and bone represent archives of childhood and adulthood, respectively (12) , whereas his activities during his last days can be inferred from the intestinal content. Isotopic tracing is based on the transfer (via nutrition) of the isotopic signatures of soils and waters into biominerals (13) . Radiogenic isotopes allow provenance determination relative to the local geological environment, because different lithologies show systematic isotopic variations caused by the decay of long-lived radionuclides. Within the Iceman's potential habitat, at least four lithological units can be distinguished isotopically, including Mesozoic limestones, Permian volcanics (rhyolite), Eocene basalts, and a heterogeneous group of phyllites and polymetamorphic gneisses (Fig. 1) . Stable isotopes provide information about altitude, latitude, or position relative to a watershed (oxygen) or paleodiet (carbon) (14, 15) . The oxygen isotopic composition (␦ 18 O) of precipitation can be reconstructed from ␦ 18 O in human biogenic apatite after correction for metabolically induced isotopic fractionation (16 ), because oxygen in biominerals is predominately derived from ingested water. Spatial variations in ␦ 18 O of precipitation arise from the preferential rainout of H 2 18 O from air masses during overland transport, making precipitation at higher altitudes or further inland systematically depleted in 18 O. This is crucial for constraining the Iceman's origin, because he was found at an Alpine watershed, where there is considerable altitude contrast (Fig.  1 ). Areas north of the watershed predominately capture precipitation from the cooler Atlantic Ocean with long transport distances, whereas the nearby warmer Mediterranean Sea supplies water masses to the south. As a result, ␦
18 O values of precipitation in the north are expected to be lower than those south of the watershed (17, 18) . This is confirmed by the oxygen isotopic ratios presented here, which for rivers north of the Alpine watershed (in Austria) are ϳ1 to 2 per mil (‰) lower than for southern rivers (in Italy) at similar longitude [for example, the Ö tz versus the Schnals valley (Figs. 1 and 2A and table S1 (11)]. Areas near low-altitude passes such as the southern Wipp and Langtaufers valleys are influenced by both moisture sources because there is a limited amount of transfer across the watershed. Superimposed on the north-to-south variation is an overall lowering of riverine ␦ 18 O toward the west of the study area. Contributions of precipitation from the highest altitudes (that is, snow melt) make river water more negative in ␦ 18 O than small streams and springs, which at inhabited terraces above forested valleys are the likelier source of drinking water ( Fig. 2A) . Overall, the leastdepleted ␦
18 O values are found in the southeast of the area, in the Eisack/Isarco, Rienz, Hohlen, and Non valleys. Convert- Fig. 1 . Simplified geological-lithological map of the study area, showing the main lithologies that can be distinguished using radiogenic isotopes (supporting online text). The decrease in white mica ages (ages are shown in boxes) in polymetamorphic gneisses from northwest to southeast reflects the increasing overprint of an older ( Variscan: ϳ330 Ma) by a younger (Alpine: ϳ90 Ma) metamorphic event (26 O values between 5350 to 5100 years ago and today (19) .
Radiogenic isotope analysis was used to refine how far south the Iceman lived (table  S2) . Soil leachates (11) of the four main lithologies have distinct Pb-Sr isotopic compositions, although some overlap exists for the Permian volcanics and the gneiss/ phyllite groups (Fig. 2B) . These data are the basis for comparison with the radiogenic isotopic compositions of the Iceman's samples (11) . Enamel fragments from all three teeth are characterized by uniformly high 87 Sr/ 86 Sr ratios of 0.7203 to 0.7206 for the main dissolution step (Fig. 2B and  fig. S1 ). The smaller canine enamel fragment (3sm, Fig. 2C ) records a higher Sr isotopic ratio of 0.7215, whereas for adjacent dentine, this value is only marginally higher than for the other three enamels. This allows the relative timing of all tooth fragments to be established, because enamel mineralizes a few months earlier than adjacent dentine (20) Fig. 2B and fig. S1 )]. In contrast to enamel, all bone leachates yield higher Sr isoto- Data on the mineralization of enamel, dentine, and bones are from (15, 20) , whereas the Iceman's biological age is from (4). Abbreviations are as follows: 3, canine; 4, first premolar; 5, second premolar; sm, small; lg, large; en, enamel; de, dentine; cort., cortical; trab., trabecular; int. cont., intestinal content. (Fig. 2B) . These regions include the lower Etsch valley south of Bolzano and further south (Fig. 1) (17 ) compatible with the Iceman can be excluded on the basis of the prevalence of limestones (Fig. 1) . The SrPb isotopic composition of the Iceman's bones apparently matches those of Permian volcanics; however, it is known that other gneiss/phyllite areas are characterized by lower Sr isotope values, which overlap with the Permian volcanics (24, 25) .
A sample of the Iceman's intestinal content was screened for cereal fragments (8) in order to constrain the origin of his last meal. Because not enough fragments were present, the entire sample was analyzed for its Sr isotopic composition, which is intermediate between the enamel and cortical bone compositions and continues the trend already indicated by trabecular bone (Fig.  2C ). This intestinal sample also contained 12 100-to 400-m white micas that are believed to have been ingested as a result of the grinding of cereal or from drinking water (supporting online text). These micas were individually analyzed for their 40 Ar/ 39 Ar ages (table S3) , which is important because Permian volcanics, phyllites, and polymetamorphic gneisses exhibit different geological ages as a result of their different magmatic/metamorphic evolution during the Alpine [ϳ90 million years ago (Ma)] and Variscan (ϳ330 Ma) orogenies (26 ) (Fig. 1) . The resultant white mica ages range between 95 and 300 Ma (with one at 440 Ma), with one broad peak between 160 and 220 Ma (seven micas) and a narrower peak between 285 and 300 Ma (three micas; fig. S2 ). This age distribution is found in the gneiss lithology only and excludes the Permian volcanics (276 Ma) and the phyllites (315 to 350 Ma). It demonstrates that the Iceman lived on gneissic soils during his later adulthood. Moreover, the variable but elevated Sr isotopic ratios of the Iceman's clothing and equipment (table S2) indicate that the Iceman used both animal and plant materials from a wider area located on gneiss/phyllite soils.
Our data indicate that the Iceman spent his entire life in the area south of the discovery site, which is consistent with palaeobotanical (7, 8) and most archaeological analyses (2, 3, 10) but extends earlier investigations into his childhood. This contrasts with a previous study (24 ) that concluded that the Iceman lived his final years in the Ö tztal area north of the Alpine watershed. This was based on a comparison of trace elemental ratios and ␦
18 O values between the Iceman's bones and soil-buried medieval bones (supporting online text).
Archaeological sites located on terraces in the Eisack valley record the closest match in ␦
18 O values between the Iceman's enamel and modern human enamel (Figs. 1 and 2A) . Furthermore, one site, Feldthurns, reveals the closest match in Sr-Pb isotopes between the Iceman's enamel and local soils (Fig. 2B) . Excavations in Feldthurns have produced a menhir typical of the Copper Age of the region (3); thus, this may have been the region of the Iceman's childhood. Because areas with incompatible isotopic signatures can be excluded with greater certainty than positive assignments can be made, other potential childhood areas include the lower Puster valley (river Rienz), the lowest Vinschgau (Etsch valley) near Merano, and the Ulten valley. However, no archaeological sites from that period are known from the Ulten valley. Conversely, the different isotopic composition of the Iceman's bones argues for a different food source and hence migration to a region with distinct soil and water composition during his adulthood (Fig. 2C) . This is also indicated by differences in ␦ 13 C between enamel and bone ( (23) . However, Juval has a Sr-Pb isotopic composition incompatible with that of the Iceman's bones (Fig. 2B ).
An alternative scenario to that of permanent resettlement is seasonal migration, such as the Iceman's involvement in transhumance between low-altitude settlements in the south and summer grazing areas above the timberline in the north (such as southern Ö tztal), which started in the Middle Neolithic and is still practiced today (23 The collared lemming in the high-Arctic tundra in Greenland is preyed upon by four species of predators that show marked differences in the numbers of lemmings each consumes and in the dependence of their dynamics on lemming density. A predatorprey model based on the field-estimated predator responses robustly predicts 4-year periodicity in lemming dynamics, in agreement with long-term empirical data. There is no indication in the field that food or space limits lemming population growth, nor is there need in the model to consider those factors. The cyclic dynamics are driven by a 1-year delay in the numerical response of the stoat and stabilized by strongly density-dependent predation by the arctic fox, the snowy owl, and the long-tailed skua.
The cyclic dynamics of boreal and arctic populations of small rodents is one of the most intensively studied phenomena in population ecology. Many (1-4), although not all (5, 6) , researchers now agree that the most likely mechanism that maintains cyclic dynamics in boreal vole populations is predation by specialist mustelid predators. In contrast, interaction with food resources is thought to drive the dynamics of at least some lemming populations (7) . Even in the case of vole dynamics, competition among prey for space or food is thought to play a key role in halting prey population growth at high density, thereby allowing the predator population to catch up with their faster-reproducing prey (1, 3, (8) (9) (10) .
One of the simplest vertebrate predator-prey communities is that of lemmings and their dependent predators in the high-Arctic tundra in Greenland. It constitutes only one mammalian prey, the collared lemming (Dicrostonyx groenlandicus), and four predators, the stoat (Mustela erminea), the arctic fox (Alopex lagopus), the snowy owl (Nyctea scandiaca), and the longtailed skua (Stercorarius longicaudus) (11, 12) . The open tundra landscape and the continuous daylight in summer in the high Arctic provide particularly favorable conditions for fieldwork on vertebrate predators. We studied the densities, breeding success, and diet of the four predators in a 75-km 2 area in the Karup Valley in northeast Greenland (72°30Ј N, 24°00Ј W), from 1988 to 2002.
Lemming densities were estimated with live trapping for 1998 to 2002 (11, 13) and with regression between live-trapping results and lemming winter nest counts (12, 14) for the other years (15) . The winter nests of lemmings are made of grass within snow beds and are easily located on the ground after snowmelt. We made a complete count of the nest numbers in an area of 15 km 2 every spring for 1988 to 2002. Although a varying number of lemmings may use the same nest (16, 17) , the winter nest count in our large study area should closely reflect the actual number of lemmings. The correlation between the spring densities, as estimated by live trapping, and the winter nest count for the years 1998 to 2002 is high (R 2 ϭ 0.99, P Ͻ 0.01) (fig. S1 ).
The stoat density was estimated from the number of lemming winter nests predated and occupied by stoats in the 15-km 2 area (12, 13) . Stoats always use lemming nests in winter, and stoat-occupied nests are easily distinguished by the abundance of lemming fur within the nest (12, 18) .
Daily predation rates were plotted against the current (daily) lemming density (N) to estimate functional responses of predators. Daily predation rates were estimated from scat samples for arctic foxes (n ϭ 927) and stoats (n ϭ 663), from direct observations for skuas (nϭ475 hours), and from pellet samples and direct observations for snowy owls (n ϭ 3419 pellets and 245 hours of observation). In the open landscape and in the continuous daylight of summer, the behavior of individual predators can be closely monitored over areas as large as 5 km 2 . Predator densities were plotted against lemming density at snowmelt to estimate numerical responses. With the exception of the stoat, separate responses were estimated for adults and weaned or fledged young (15) .
The daily consumption rate of the avian predators is somewhat higher than that of the mammalian predators, but the latter are more efficient at catching prey at low lemming densities ( predation half-saturation constant Ͻ 0.2 lemmings/ha) than are the former (Ն1) (Fig. 1,  upper row) . The numerical responses of the predators are species specific. The nomadic snowy owl only settles and breeds in areas where lemming density at snowmelt (NЈ) exceeds a threshold of Ϸ2 lemmings/ha. The constant adult density in summer of the migratory long-tailed skua is five times as high as that of the snowy owl when the latter is present, but the skua breeds successfully only when NЈ Ͼ 1. The arctic fox shows elevated breeding success when NЈ Ͼ 1 but maintains a relatively constant adult density, except in peak lemming years (NЈ Ϸ 10) (Fig. 1, middle row) , when fox density may increase greatly.
The stoat is the only predator that shows a delayed response to changes in prey density, with highest numbers seen the year after the lemming peak (Fig. 2, top) . The results for the 
